Introduction 45 46
The fungicide carbendazim is known to be highly toxic to earthworms and isrecommended for use as the reference substance in standardised guidelines for testing 48 the effects of pesticides on earthworms in field situations (ISO, 1999) . However, 49 results using carbendazim in field trials have been highly variable (Römbke et al., 50 2004; Ellis, 2008) . This paper reports a study into the behavioural response of 51 Allolobophora chlorotica to carbendazim as part of a wider investigation into this 52 variability. 53
54
Carbendazim has limited movement in the soil profile and studies have recorded up to 55 97 % of the applied total to remain in the upper 5 cm of the soil profile (Ellis, 2008; 56 Jones et al., 2004; Holmstrup, 2000) . The exposure of earthworms to carbendazim in 57 the field will therefore, in part, be determined by their vertical distribution and their 58 ability to detect the chemical and modify their vertical burrowing behaviour as a 59 consequence of this. A field study (Römbke et al., 2004) showed the vulnerability of 60 earthworms to the toxic effects of carbendazim to differ between species. This 61 difference was attributed to the different feeding preferences of the species and their 62 distribution in the soil profile. Species which typically feed on vegetation at the 63 surface of the soil where carbendazim concentration was highest, including Lumbricus 64 terrestris and Lumbricus rubellus had higher mortality than geophageous species 65 including Apporectodea caliginosa which were not dependent on the surface for food 66 and subsequently had lower exposure to the chemical (Römbke et al., 2004) . While 67 certain species may be more vulnerable due to their feeding behaviour, earthworms 68 can occupy a range of depths in the soil profile and can adjust their burrowing depth 69 behaviour based on soil conditions (Edwards and Bohlen, 1996) . The geophageous 70 species A. chlorotica for example is typically found above a depth of 8 cm when soil 71 conditions are favourable but will burrow to below 8 cm to avoid extremes of 72 temperature or dry soil at the surface (Gerard, 1967) . In earthworm avoidance studies, 73 in which earthworms are given a choice between horizontally adjacent soils, (usually 74 a control, contaminant free soil and a contaminant bearing soil, e.g. Yeardley et al., 75 1996; Natal da Luz et al., 2004; Environment Canada, 2007; ISO, 2008) the 76 earthworm species Eisenia andrei (Loureiro et al., 2005) and Eisenia fetida (Garcia et 77 al., 2008) , have been shown to significantly avoid carbendazim and benomyl at 78 concentrations ≥ 1 mg kg -1 . However, for chemicals such as carbendazim which have 79 limited mobility through the soil profile, the most significant concentration gradient 80 encountered in the field will be in the vertical plane and a key question is whether or 81 not earthworms are able to modify their behaviour to avoid such chemicals. 82
Horizontal avoidance studies provide useful information on the ability of earthworms 83 to detect and respond to adverse concentrations of chemicals but they do not provide 84 information on whether this avoidance driver is sufficient for earthworms to modify 85 their normal behaviour to avoid such chemicals. 86
87
The aim of this study was therefore to determine whether the presence of carbendazim 88 led to a modification of the burrowing behaviour of the earthworm A. chlorotica. 89 90 2. Method 91 92 2.1. Earthworm species 93 Bohlen, 1996) and is known to adjust its burrowing depth in response to unfavourable 98 conditions (Gerard, 1967 The soil was air dried and sieved to < 2 mm prior to use. A carbendazim 115 concentration of 8 mg kg -1 was used as significant avoidance behaviour was observed 116 in previous studies using similar concentrations (Loureiro et al., 2005; Garcia et al., 117 2008) . Using the relationship of Jänsch et al. (2006) which assumes a soil density of 1 118 application rate of 4 kg ha -1 used in field trials (ISO, 1999) . The diluted carbendazim 120 suspension was mixed thoroughly with the soil using a house-hold mixer (Kenwood 121 A907D), to give a soil moisture content of 60 % of the soil water holding capacity. 122
For the control soil, Kettering loam was mixed with deionised water only. The 123 moisture contents of the carbendazim-treated and control soil were the same. 124 In each arrangement earthworms were observed to burrow rapidly into the soil to 186 which they had been added. For both Method 1 ( s.e 0.05, n = 5) and had not burrowed into the unamended soil below (Fig. 3) . The 201 proportion in the bottom soil was significantly lower than the control (P < 0.05). In 202 two of the replicates, one earthworm was found dead at the surface of the test soil. In 203 the Alternative arrangement, with the carbendazim-amended soil at the bottom, a 204 significantly lower proportion of A. chlorotica were found in the bottom soil 205 compared to the control (0.42 ± s.e 0.05, n = 5) (P < 0.05) and had not burrowed into 206 the carbendazim-amended soil below (Fig. 3) . proportion in the bottom soil was significantly lower than in the control (P < 0.05). 217
Discussion 219 220
Although we did not analyse the carbendazim-amended soil used in the experiments, 221 subsamples of the same well-mixed carbendazim-amended soil were used in all the 222 experiments so we can be confident that concentrations of carbendazim were the same 223 in all experiments. The aim of the investigation was to determine whether the 224 presence of carbendazim led to a modification of burrowing behaviour and the lack of 225 precise concentration data does not prevent this. In the current experiments no flow of 226 water occurred through the soil (which had the same moisture content in both the 227 carbendazim-free and carbendazim-amended parts) so it is highly unlikely that the 228 carbendazim would have been redistributed within the soil due to movement of soil 229 
